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ABSTRACT
High mass X-ray binaries hold the promise of giving us understanding of the structure of the winds of their supermassive companion
stars by using the emission from the compact object as a backlight to evaluate the variable absorption in the structured stellar wind. The
wind along the line of sight can change on timescales as short as minutes and below. However, such short timescales are not available
to direct measurement of absorption through X-ray spectroscopy with the current generation of X-ray telescopes. In this paper, we
demonstrate the usability of color-color diagrams for assessing the variable absorption in wind accreting high mass X-ray binary
systems. We employ partial covering models to describe the spectral shape of high mass X-ray binaries and assess the implication
of different absorbers and their variability on the shape of color-color tracks. We show that taking into account the ionization of the
absorber, and in particular accounting for the variation of ionization with absorption depth, is crucial to describe the observed behavior
well.
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1. Introduction
In high mass X-ray binaries (HMXBs) the compact object,
whether black hole or neutron star, accretes from a massive stel-
lar companion. In particular, in Supergiant X-ray binaries (as op-
posed to Be X-ray binaries), the stellar companion is a giant O or
B type star whose strong stellar wind feeds the accretion (for a
review, see Martínez-Núñez et al. 2017). The winds of such stars
are line-driven and thus not smooth, but are highly structured,
with dense pockets (“clumps”) of gas embedded in a rarefied
medium (e.g. Owocki & Rybicki 1984; Feldmeier 1995). Ob-
servations imply that the clumping sets on already close to the
stellar surface, within less than r . 0.25R? (Cohen et al. 2011;
Torrejón et al. 2015), i.e., closer than the typical observed loca-
tions of the compact objects. Additionally, the presence of the
compact object can lead to the formation of large-scale struc-
tures in the wind, such as photoionization and accretion wakes
or focused wind components (Blondin et al. 1990).
Understanding the clumpy structure of O/B stellar winds is
crucial both for the understanding of the mass loss, and thus evo-
lution, of the O/B stars themselves (Fullerton et al. 2006), and for
understanding accretion processes in HMXBs (Martínez-Núñez
et al. 2017). Accretion of individual clumps could lead to the
observed flares in both persistent HMXBs (e.g. Fürst et al. 2010;
Martínez-Núñez et al. 2014; García et al. 2018) and supergiant
fast X-ray transients (SFXTs; e.g, Bozzo et al. 2011; Ferrigno
et al. 2020). Clumps passing through the line of sight towards
the compact object, on the other hand, lead to discrete absorption
events (e.g., Bałucin´ska-Church et al. 2000; Naik et al. 2011; Ya-
mada et al. 2013; Hemphill et al. 2014; Hirsch et al. 2019).
Models and simulations of the clumpy structure of O/B
winds (e.g., Oskinova et al. 2012; Sundqvist & Owocki 2013;
Sundqvist et al. 2018) exist, and so do simulations of clumpy
wind accretion onto compact objects (El Mellah et al. 2018)
and variable absorption in a clumpy wind environment (Grin-
berg et al. 2015; El Mellah et al. 2020). However, the variability
timescales predicted are usually too short to allow current X-
ray instruments to accumulate spectra of a quality that would
allow to constrain the absorption during the passage of a single
clump well. For example, Grinberg et al. (2017) used the setup
of El Mellah et al. (2018) to calculate that the correlation time
between the peaks of the variable column density for the neu-
tron star HMXB Vela X-1 is at most 1 ks, or equivalently only
a few self-crossing times of the wind clumps. A more thorough
exploration of parameter space of different wind properties in
toy models shows that absorption measurements on timescales
of a few hundred seconds hold the potential to allow measure-
ments of clump size and mass (El Mellah et al. 2020). While
lightcurves and hardness ratios during dipping show variability
on such timescales and below (Grinberg et al. 2017; Hirsch et al.
2019), the periods are too short to accumulate well defined spec-
tra and directly measure the absorption in a single dip event of a
few 100 s length or below from current instruments’ spectra.
However, where not enough information is available for a
full spectral analysis, location in (X-ray) color-color space can
be used to obtain information about spectral properties. Similar
approaches have been employed when analyzing faint sources
and, e.g., when trying to understand source populations in other
galaxies or contributions from different emission components
(e.g., Carpano et al. 2005). The advantage of HMXBs is that
the underlying spectral shape of the continuum emission from
the compact object can often be well constrained from time-
averaged spectra, especially when data at high energies not af-
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fected by absorption (& 10 keV) are available, allowing for better
constraints on the expected location in color-color space.
The aim of this paper is thus to connect the shape of tracks
on color-color tracks with absorption variability in HXMBs. It
builds upon previous work of Nowak et al. (2011) and Hanke
(2011) who attempted to describe the color-color tracks of neu-
tral absorbers and expands it with more realistic, ionized ab-
sorbers that are a better description for the hot, structured winds
of O/B stars.
We first discuss the observational signatures of dipping in
wind-accreting HMXBs and partial covering models often used
to described HMXB spectra in Sec. 2. We then re-visit variable
neutral absorber models in Sec. 3, where we additionally dis-
cuss the influence of covering fraction and changes in underlying
spectral shape on the shape of color-color tracks. In Sec. 4, we
discuss the effects of a warm absorber and in particular the ef-
fects of a warm absorber whose ionization depends on its equiv-
alent hydrogen column density, as would be expected in a wind
environment with clumps or other overdensities. We finish with
a summary and outlook in Sec. 5.
2. Signatures of Dipping in wind-accreting HMXBs
2.1. Observational patterns
Short, pronounced increases of absorption, often called dips,
have been observed in a number of wind-accreting HMXB
sources such as Cyg X-1 (e.g. Li & Clark 1974; Bałucin´ska-
Church et al. 2000; Hirsch et al. 2019), Vela X-1 (Odaka et al.
2013; Grinberg et al. 2017), and 4U 1538−52 (Hemphill et al.
2014). As opposed to off states, which are interpreted as ces-
sation of accretion, the underlying continuum does not change
during dips and the spectral variability is driven by changes in
the absorbing column. The length of such absorption episodes
ranges from 10s of seconds to ks and above, with the longer dip-
ping episodes often showing pronounced temporal sub-structure.
So far, color-color diagrams have been mainly used to disen-
tangle the absorption level in the bright HMXB Cyg X-1 with
a variety of different X-ray instruments (Nowak et al. 2011;
Miškovicˇová et al. 2016; Basak et al. 2017; Hirsch et al. 2019).
It is the most prominent example as it is bright and well studied
as a key source for understanding both stellar winds in HMXBs
and the physics of accretion onto black holes. Both Nowak et al.
(2011) and Hanke et al. (2008) attempted, with some success, a
physical description of the color-color tracks based on Suzaku
and Chandra observations, respectively, with a partial covering
model (see Sec. 2.2). However, discrepancies between the ob-
servations and data remain; in particular, the curve of the data
is more pointy than that of the model. Nowak et al. (2011) at-
tributed this to possible influence of ionization, but did not at-
tempt to include an ionized absorber into their models. From
high resolution spectra, the presence of an ionized absorber has
been shown by Hanke et al. (2009) and Miškovicˇová et al. (2016)
and its variability with increasing level of absorption in Hirsch
et al. (2019). Note that Hirsch et al. (2019) used color-color dia-
grams to divide their observation into different absorption levels;
however, they described the shape of the tracks with an empirical
polynomial model only.
2.2. Partial covering model
The simplest assumption for a HMXB spectrum is a continuum
modified by a partially covering absorber, i.e., only a certain
percentage (the covering fraction, fc) of the X-rays emitted by
the central source are absorbed locally while the rest (1 − fc)
arrives at the observer modified by interstellar absorption only.
Such models have been used widely in the literature to describe
HMXBs (e.g., Fürst et al. 2014; Fornasini et al. 2017). The par-
tial covering can be realized in different ways:
– partial covering in space: the absorber covers only a part of
the emitting region. This could be the case for a relatively
small, compact absorber and/or an emission region that is
extended when compared to the absorber.
– partial covering in time: any observation averages over some
exposure time. If the absorber changes during this time (as
would be expected given the quick dynamic timescales of
both structured stellar wind and accretion streams), the ob-
served emission is the sum of spectra with different levels of
absorption.
– dust scattering (e.g. Xu et al. 1986, and references therein):
the spectrum consists of a directly observed component that
is subject to local absorption events and a somewhat time-
delayed and averaged (due to scatterings at different radii)
spectrum from the dust scattering halo. This spectrum will be
softer than the direct emission, due to the energy-dependency
of the scattered emission.
The situation may be further complicated through the exis-
tence in some sources of a soft excess component of still often
unclear origin (e.g., Hickox et al. 2004) that may be affected by
absorption differently than the primary continuum components.
This soft excess includes possible contribution from a photoion-
ized wind component, where a forest of unresolved fluorescence
lines could contribute to the overall soft emission on scales much
larger that the point-like emission from the vicinity of the com-
pact object.
A basic model to describe partial covering can be written as:
absism × continuum × ( f × abswind + (1 − f )) (1)
with absism the absorption in the interstellar medium (ISM),
continuum the continuum emission, 0 5 f 5 1 the covering
fraction and abswind the local absorption in the system, i.e., in
the (disrupted) stellar wind of the companion. For the contin-
uum at energies .10 keV, a power law usually offers a good de-
scription. In general, physical models for the X-ray continuum
emission in HMXBs, usually from highly magnetized neutron
stars, are rare and the continuum is described empirically by
power laws, modified by different breaks and cutoffs, or Comp-
tonization models that are power-law shaped. Similar empirical
descriptions can be employed for black hole accretors.
Such a model for a partial covering can be easily set up
in most current X-ray analysis environments; in our work we
use the Interactive Spectral Interpretation System (ISIS) version
1.6.2 (Houck & Denicola 2000; Houck 2002; Noble & Nowak
2008). Here and in the remainder of the paper, we discuss the
effects of a partial coverer using a power law continuum – such
a simple continuum description has been used repeatedly in the
literature to describe the continuum spectral shape of HMXBs
below 10 keV (e.g., Hemphill et al. 2014; Miškovicˇová et al.
2016; Grinberg et al. 2017). Realizations of Eq. 1 for a cover-
ing fraction f = 90% and different values of local absorption are
shown in Fig. 1, which follows a similar illustration in Hirsch
et al. (2019).
For color-color diagrams, we consider the fractions (“col-
ors”) between the fluxes in three energy bands, with band 1 hav-
ing the lowest and band 3 the highest energies with soft color 1/2
and hard color 2/3. It can easily be seen in Fig. 1 that the value
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Fig. 1. In principle demonstration of the effect of a variable partial cov-
ering absorption on an absorbed powerlaw with photon index Γ = 1.7
and ISM absorption N0H. We assume a covering fraction of 0.9, and a
varying equivalent hydrogen column density, NH, of the partial coverer,
ranging from N0H, implying only ISM absorption, to 128N
0
H. The uncov-
ered fraction (here, 1 − fc = 0.1), is shown as a black dash-dotted line.
The covered, absorbed component is shown in dashed lines, with colors
corresponding to different NH. The sum of the covered and uncovered
fractions is shown in the solid colored lines. With increasing NH of the
partial coverer, we first see diminution primarily of Band 1. The partial
covering fraction leads to a“floor” for the flux value in band 1, while
band 2 and band 3 continue to decrease with increasing column.
of a given color will not be a monotonic function of absorption
strength. In particular, the soft color 1/2 will be similar when
the local absorber abswind is absent and when the local, partially
covering absorption is very strong and such a strong absorber
will remove all covered flux in the bands 1 and 2, leaving just
the contribution of the uncovered component.
3. A variable neutral absorber
Here, we introduce the tracks that a source traces in the color-
color diagram in the presence of a variable neutral absorber.
Some effects of the variable neutral absorber on such tracks have
been discussed in the previous works by (Hanke et al. 2008),
Nowak et al. (2011), and Hirsch et al. (2019) and we extend on
these first discussions by including the influence of short-term
variability of spectral shape of the underlying continuum.
3.1. Tracks on color-color diagrams
In the partial covering model presented in Sec. 2.2, there are
three main parameters that define the shape of the spectrum and
can vary: the photon index Γ of the power law continuum, the
absorbing column of the local absorber abswind and the covering
fraction f . The absorption in the interstellar medium, absism, is
constant.
The photon index can show intrinsic variability on both short
and long scales (e.g. Skipper et al. 2013; Grinberg et al. 2013;
Fürst et al. 2014), although we point out that strong changes are
usually associated with changes in emission geometry and thus
happen on longer timescales than those addressed in this work.
In the clumpy wind or clumpy absorber paradigm the local ab-
sorber can change strongly on short timescales below minutes,
as clumps enter and leave the line of sight towards the compact
object (e.g., El Mellah et al. 2020). Short-term changes in the
covering fraction are somewhat harder to realize, but could be
due to changing number of clumps along the line of sight or the
time delay between changes in the primary continuum and scat-
tered component.
The exact shape of the tracks is always going to be depen-
dent on a given instrument, even for the same spectral shape
of the source. Here and the following, when discussing general
trends (Sec. 4.2.1 and 4.3.1), we calculate the tracks that such
changes lead to in a color-color diagram using the example of
a Chandra-HETGS/MEG observation of a bright source using
typical value ranges for Γ and fc. We model the absorption with
the updated version of the tbabs1 model (Wilms et al. 2000),
using wilm (Wilms et al. 2000) cross-sections and vern abun-
dances (Verner et al. 1996). We simulate observed spectra using
real Chandra-HETGS/MEG responses (RMFs and ARFS), use
the so simulated observations to calculate hardness values, and
show the resulting tracks in Fig. 2.
Changes in individual parameters lead to typical changes in
the color-color tracks: changes in the neutral absorption column
density lead to typical curved or “nose-shaped” tracks (Fig. 2,
left and middle), while changes in covering fraction and intrin-
sic spectral shape show distinctly different patterns that could
lead to some of the spread around the curves that observational
data show (Fig. 3). If the underlying shape of the color-color
track can be well modelled, such deviations can be potentially
used to assess the variability of the underlying continuum and
covering fraction on short timescales. As the driving observable
is the actual shape of the nose-shaped track, we will concentrate
on changes in absorption column for the remainder of the paper.
3.2. Comparison to observed color-color tracks for Cyg X-1
A variable neutral absorber is a simple enough model that can
be used to directly model observed color color diagrams. Nowak
et al. (2011) have presented fits of such a model to Suzaku data
and Chandra-HETGS data have been discussed by Hanke et al.
(2008) and Hanke (2011). In all cases, the model describes the
overall trend of the shape of the tracks, but fails to reproduce
the details; in particular, the curvature of the data is more pointy
than the model.
For a comparison with the data, we use Chandra Ob-
sID 3814, a ∼50 ks observation taken in the TE graded mode
on 2003-04-19 and covering the orbital phases 0.93-0.03, i.e., at
a phase where strong dipping is expected and indeed observed.
To obtain lightcurves with a resolution of 25.5 s, we follow the
standard extraction procedure, as, e.g., also done in Hirsch et al.
(2019). The high resolution spectrum of the non-dip phase of this
observation has been previously analyzed by Hanke et al. (2009),
whose analysis also includes the simultaneous broadband data
taken with the RXTE satellite. Hanke et al. (2009) list different
values in the range of 1.5–1.7 for the photon index of the power
law used to describe the continuum and show the importance
of coverage above ∼10 keV to constrain the continuum shape,
but also emphasize the remaining uncertainties in spectral mod-
elling. The high-resolution spectra of the Si and S regions of the
observation have been analyzed by Hirsch et al. (2019) during
dip- and nondip-phases and for our theoretical predictions, we
1 This model was formerly known as tbnew and is since 2016 included
as the default tbabs version in xspec Arnaud (1996) and thus also all
packages that rely on xspec models such as ISIS.
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Fig. 2. Simulated color-color tracks for varying parameters of a partially absorbed power law model for HETG-MEG and parameter ranges typical
for the HMXB Cygnus X-1.
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use the same MEG minus 1 order RMF and ARF files for non-
dip phases as they did in their analysis.
To guide the eye, we first characterize the shape of the tracks
using an empirical fit, in an approach similar to Hirsch et al.
(2019) (Fig. 3, left panel). Specifically, we characterize the curve
using a parameterized second-degree polynomial for each of the
two colors. The best fit is obtained by minimizing the distance
of each data point to the curve. The distances in either color are
weighted with the respective uncertainty of each data point as in
the definition of χ2 statistics.
We then turn to comparing the data with theoretical color-
color tracks for a neutral absorber. The tracks for Γ = 1.6 are
shown on the middle panel of Fig. 3. We also calculate the tracks
for Γ = 1.5 and 1.7 and compared them to the observations. This
resulted in the expected slight shift of the tracks mainly along
the vertical axis ( as expected from Fig.2, middle panel), with
Γ = 1.6 agreeing with the data best. The behavior we observe is
consistent with the problems previously pointed out in the litera-
ture: the data is more pointy than the predictions. This deviation
cannot be explained by variability of power law shape or cover-
ing fraction (cf. Fig. 2). Nowak et al. (2011) suggested that the
deviation stems from the assumption of a neutral absorber: the
wind material is intrinsically ionized to some level (e.g., Sander
et al. 2018) and any material in the vicinity of the compact object
will be further ionized by its intense X-ray radiation. We discuss
such an ionized absorber in the next section.
4. Warm, ionized absorbers
4.1. Modelling an ionized absorber
The ionization of the material local to the HMXB changes its
X-ray absorbing properties. In the following, we will assess how
the change in ionization influences the tracks a source traces on
the color-color diagram with variable absorption.
To do so, we are using version 2.30 of the warmabs family
of photoionization models (Kallman et al. 2009), a part of the
XSTAR package (Bautista & Kallman 2001; Kallman & Bautista
2001), to model the ionized absorber. Fig. 4 shows how the rel-
ative absorption as calculated by warmabs changes for the same
equivalent hydrogen column density with varying ionization pa-
rameter, log ξ, with
ξ = Lx/nr2 (2)
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defined after Tarter et al. (1969) with Lx the ionizing luminos-
ity above 13.6 eV, n the gas density and r the distance from the
ionizing source. The warmabs model can be used to access ion-
ization parameters log ξ between -4.0 and 5.0. While the relative
absorption decreases overall, the decrease in individual bands is
a complex function of ionization due to contributions of differ-
ent elements and ions (Fig. 4). We note that for the same column
density, the lowest ionization of warmabs (log ξ = −4.0) results
in a stronger absorption than the neutral tbabs with abundances
and cross-sections as discussed in Sec. 3.1. This difference is
due to the different abundances and cross-sections used in the
models.
To account for standard conditions and for ease of repro-
ducibility, we are using standard population files delivered with
warmabs. In particular, we use the files pre-calculated for den-
sities of 1012 cm−3, as these are typical densities of the smooth
wind at the location of the compact object (Lomaeva et al. 2020)
and as warmabs using these population files has been previously
successfully used to model the observations of Cyg X-1 during
the non-dipping phase (Hanke 2011). Though we note that den-
sities in a structured wind can show a gradient up to a factor 1000
and above (e.g., Sundqvist et al. 2018). Standard populations
files are calculated for an illumination with a powerlaw with a
photon index of Γ = 2. While this is softer than the Γ = 1.6 pow-
erlaw we employ here, the differences can be neglected given
the broad energy bands used and further uncertainties, such as
the above mentioned density gradients and the likely presence of
a multi-phase medium in wind-accreting HMXBs (e.g., Boroson
et al. 2003; Grinberg et al. 2017; Lomaeva et al. 2020).
4.2. Homogeneous warm absorber
4.2.1. Tracks on color-color diagrams
We calculate the tracks on the color-color diagrams for media of
different ionization. Different ionization levels of the warm ab-
sorber lead to changes in the shape of the tracks in the color-color
diagrams, as shown in Fig. 5. For the lowest ionization param-
eter, log ξ = −4.0, the tracks are similar to those of a neutral
absorber modelled with tbabs, as expected. As transmission at
lowest energies changes strongly with increasing ionization pa-
rameter (cf. Fig. 4), the 0.5–1.5 keV/1.5–3.0 keV ratio is most
affected. This leads to less pronounced curvature in the tracks.
For the X-ray colors used here, namely 0.5–1.5 keV/1.5–3.0 keV
and 1.5–3.0 keV/3.0–10 keV ratios, the changes in the shape of
the tracks with varying log ξ are strongest for ionization param-
eters in the range of log ξ ≈ 1.0–2.0.
These values are to be compared to those expected from ob-
servation – usually high resolution spectroscopy analyses – of
hot plasmas in HMXBs. In the analysis of Cyg X-1 at different
absorption stages by Hirsch et al. (2019), the observed interme-
diate and lower ionization states of silicon and sulfur point to-
wards ionization parameters in the order of 1–2, i.e., the colder
denser regions in the wind have values of log ξ comparable to the
ones presented in Fig. 5. Similarly, Lomaeva et al. (2020) model
the multicomponent plasma in Vela X-1 with a model consis-
tent of two photoionization cloudy models, the colder of which
has log ξ ≈ 1.7. In 4U 1700−37, Haberl et al. (1989) found
log ξ ≈ 1.6, somewhat variable between flaring and off-flaring
phases. For the same source, observation with Chandra-HETG
analyzed in Boroson et al. (2003) imply a range of possible ion-
ization parameters, depending on whether a pure photoioniza-
tion (log ξ ≈ 2.5–3) or hybrid plasma (log ξ ≈ 1.6) is assumed,
but also imply simultaneous presence of lower ionization plasma
with log ξ . 1 in the system.
4.2.2. Comparison to observed color-color tracks for Cyg X-1
We show comparisons of the warm absorber tracks with Chandra
data in the third panel of Figure 3, using the same observation as
in Sec. 3.2. We calculate the grids for Γ = 1.6 and choose a cov-
ering fraction of fc = 0.95, based on the tracks that describes the
data well in Sec. 3.2. A mildly ionized absorber (log ξ ≈ 1.4) de-
scribes the data better than a neutral or quasi-neutral absorber,
in agreement with previous results discussing high resolution
spectra of the same observation (Hanke et al. 2009; Hirsch et al.
2019). Overall, however, the ionized tracks appear rather flatter
than more pointy and therefore do not solve the general problem
presented when trying to model color-color diagrams (Nowak
et al. 2011).
4.3. Warm absorber with an ionization gradient: structured
clumps
In our modelling so far, we have made the assumption that the
ionization of the local absorber is constant. A realistic structured
stellar wind – no matter whether the structure is due to intrin-
sic wind clumping or due to the presence of a clumpy accre-
tion wake or similar structures – will not have a constant ioniza-
tion. Confronted with the same ionizing flux, a thicker or denser
clump, will be less ionized (Eq. 2).
Such variable ionization has been detected in Cyg X-1 by
Hirsch et al. (2019), who conclude that the clumps show ion-
ization structure, with less ionized cores and more ionized outer
parts, covering ionization parameters in the range of log ξ ≈ 1–2.
Hirsch et al. (2019), also point out that simple photoionization is
likely not enough to explain the observed ionization structure.
In color-color diagrams, comparatively small changes in
log ξ can lead to strong changes in the shape of the tracks. For
the instrument and energy ranges chosen here, this is especially
the case for ionization parameters in the range of log ξ ≈ 1–2
(Fig. 5). We will thus relax the assumption of a constant ioniza-
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Fig. 5. Homogeneous warm absorber grids for HETG-MEG with typical Cyg X-1 continuum parameters for different ionization parameters log ξ.
Each grid is calculated for varying equivalent hydrogen column density and covering fraction.
tion parameter in the following and investigate track shapes for
a variable ionization.
4.3.1. Tracks on color-color diagrams
While the general trend of lower ionization of the absorbing ma-
terial with increasing absorption column is clear, the exact de-
pendency of log ξ on NH is not known. We thus discuss three
possible cases as shown in Fig. 6. First, building on the defini-
tion of of ionization parameter (Eq. 2) we assume a function of
the form log ξ = log(C1/NH) with C1 a constant that we choose
equal to 100 and NH in units of 1022 cm−2 (case 1). The con-
stant C1 is chosen so that log ξ covers the range between 2.5 and
0.5, for the interesting range of NH = 0.25–32 × 1022 cm−2. Our
second approach is a function of the form log ξ = N−0.5H +C2, as-
suming C2 as 0 (case 2) and 0.9 (case 3), again with NH in units
of 1022 cm−2. In cases 2 and 3 the ionization parameter remains
higher even at high column density of the absorber, as would be
the case in the presence of an additional ionization process, e.g.,
collisional ionization.
We show the resulting tracks for all three cases in Fig 7,
where we also compare them to quasi-neutral absorption as cal-
culated for log ξ = −4, i.e., the lowest absorption accessible for
the warmabs models. It can be easily seen that for cases 1 and 3
the resulting tracks show a stronger curvature, as expected. This
is not the case for case 2 that closely follows the tracks of the
quasi-neutral case. This can be easily understood using Fig. 6:
case 2 only covers the interesting range of log ξ, where strong
changes in tracks are expected (cf. Fig. 5) for small values of
NH, below ∼ 1022 cm−2, i.e., the absorbing material is not ion-
ized enough for ionization effects to become visible on color-
color tracks.
4.3.2. Comparison to observed color-color tracks for Cyg X-1
We compare the tracks for cases 1, 2, and 3 to the Chandra ob-
servations in Fig. 8, using Γ = 1.6 and fc = 0.95 as previously.
Cases 1 and 3 describe the data well. Case 2 fails to describe the
curvature of the data, as expected given that is does not cover the
interesting range of the ionization parameter. We visually com-
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Fig. 6. Examples of possible dependencies of the ionization parame-
ter, log ξ, on the equivalent hydrogen absorption column density, NH,
expressed in units of 1022 cm−2.
pare the tracks for case 1 and 3 with those obtained for constant
ionization (Fig. 3, right panel): the curvature of the data is repro-
duced better by the two theoretical tracks with variable ioniza-
tion.
This result is in agreement with our expectations of struc-
tured wind clumps with more ionized shells and less ionized
cores. In such a set up, the lesser absorption episodes are then
caused by either smaller clumps in our line of sight or an outer
part of a larger clump crossing the line of sight, and thus we see
more highly ionized material. The deepest absorption events are
then caused by looking through the middle of the largest clumps,
which are likely self-shielded and therefore exhibit lower ioniza-
tion.
5. Summary and Outlook
We have shown that the typical curved tracks that wind-accretion
HMXBs describe on color-color diagrams during absorption
events (dips) can be explained in terms of a partial covering
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Fig. 7. Imhomogeneos warm absorber grids for HETG-MEG with typical Cyg X-1 continuum parameters for different dependencies of the
ionization parameter log ξ on the equivalent hydrogen column density of the absorber, NH, as expressed in units of 1022 cm−2. In all cases, a grid
for the quasi-neutral absorption with warmabs (log xi = −4) is shown in gray in the background to guide the eye. Left: case 1, log ξ = log 100NH .
Middle: case 2, log ξ = N−0.5H . Right: case 3, log ξ = N
−0.5
H + 0.9.
log 100
NH
N−0.5H
N−0.5H + 0.9
0.5 1
1
.5
–
3
.0
k
e
V
/
3
.0
–
1
0
k
e
V
logξ =
0.5–1.5 keV / 1.5–3.0 keV
0
0.5
1
1.5
2
2.5
3
3.5
0
Fig. 8. Comparison of the color-color diagrams of the Chandra obser-
vation ObsID 3814 using the MEG M1 arm with theoretical tracks with
different dependencies of the ionization parameter log ξ on the equiva-
lent hydrogen column density, NN expressed in units of 1022 cm−2.
model with variable absorption. In particular, the tracks are due
to changes in the effective absorbing column density and, for rea-
sonable assumption of a power-law-like continuum shape, not
due to variability of other model parameters.
Taking into account the ionization of the absorbing wind ma-
terial is crucial for a realistic modelling of the color-color tracks.
To do so we used the warmabs family of models, with both con-
stant ionization parameter and an ionization parameter that de-
pends on the equivalent absorbing column density. The second
set up can be explained as dense wind clumps embedded in ten-
uous, hot inter-clump material and irradiated by X-rays from the
compact object.
In particular, we compare with Chandra/HETG observation
of the HMXB Cyg X-1 and show that both the neutral absorber
cannot explain the curvature of the tracks. A homogeneously
ionized absorber with a mild ionization of log ξ ≈ 1.6 fares bet-
ter. The best description is achieved if the ionization of the ab-
sorbing material is a function of the absorbing column density,
specifically if the ionization decreases with increasing column.
The approach presented here opens several avenues for fur-
ther work. Color-color diagrams could be used to test whether
the material causing the increase of absorption in the cases where
detailed high resolution spectroscopic analysis are not available,
e.g., due to the use of CCD based instruments or due to low
count rates either because of intrinsic source faintness or due to
the short duration of dipping events. Further, El Mellah et al.
(2020) have recently presented the theoretical framework for a
formalism that, based on simulations of different line of sights
through simplified clumpy winds, connects short-term absorp-
tion variability with clump size and mass. Given observations of
sufficient length at a given orbital phase, color-color tracks could
be used to obtain absorption light curves with enough time res-
olution to constrain absorption variability and thus to test their
clumpy wind models.
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